The impact of hop bitter acid and polyphenol profiles on 1 the perceived bitterness of beer. 
Introduction 51
Bitterness is an important flavour character of foods and beverages such as coffee, nuts, 52 fruits and beer (Lesschaeve & Noble, 2005) . Whereas the bitterness flavour of tea and 53 red wine have been attributed mainly to flavonoid phenols, approximately 80% of beer 54 bitterness is derived from the addition of hops (Humulus lupulus) during the 'boiling 55 stage' of the brewing process (Arrieta, Rodríguez-Méndez, De Saja, Blanco, & Nimubona, 56 2010; Caballero, Blanco, & Porras, 2012) . The lupulin glands of female hop cones 57 contain soft resins rich in phloroglucinol derivatives, namely -acids (cohumulone, 58 humulone, adhumulone) and β-acids (colupulone, lupulone, adlupulone). These acids 59 undergo thermal isomerisation to give iso--acids, the major bitter compounds in beer 60 (Haseleu et al., 2010) . Upon isomerisation, each iso--acid congener is present as 61 trans/cis stereoisomers with a ratio of approximately 3:7 in conventionally hopped beers 62 (Ch Schönberger & Kostelecky, 2011) . In recent years beer-bittering practice has 63 diversified, with the development and usage of hop products in a variety of different 64 forms, and with varied points of addition to the brewing process (e.g. kettle addition, 65 post-fermentation bittering products, or dry hopping, which is feasible at a number of 66 different points). One such product is pre-isomerised iso--acids, widely available as an 67 aqueous extract or in pellet form, which are prepared from the chemical isomerisation of 68 -acids outside of the brewhouse. These hop products usually have higher levels of cis-69 isomers relative to trans-isomers thus, giving a lower trans/cis ratio (Schmidt et al., 70 2014) . Bitterness can also be achieved by the use of chemically reduced derivatives of 71 iso--acids, so called light stable hop products such as tetrahydro-iso-humulones (tetra) 72 and hexahydro-iso-humulones (hexa) which are prepared by hydrogenation and 73 reduction reactions, respectively. Advanced hop products are popular among brewers 74 7 2.3 Instrumentation 156 HPLC analysis was carried out on a Waters Alliance 2695 instrument equipped with a 157 column heater and a membrane degasser. Detection was achieved with a UV detector 158 and peak areas were processed with the operating HPLC software (Empower 2). 159
Separation of polyphenols and hop acids was achieved with a Purospher STAR rp-18 160 endcapped column (250 X 4.6 mm, 3 µm) from Merck Millipore (UK) coupled with a C18 161 guard cartridge from Phenomenex (UK). 162
2.3
Analysis of hop bitter acids in beer 163 2.4.1 Extraction of hop bitter acids from beer 164
Cold beer was degassed by stirring for 1 h followed by the transfer of an aliquot (5 ml) 165 into a 50 ml centrifuge tube, the degassed beer was acidified with orthophosphoric acid 166 (100 µl) and an internal standard (benzoic acid) was added (0.003 mg/L). The mixture 167 was then extracted into isooctane (10 ml) on a roller bed for 30 min. The isooctane 168 extract was transferred into a glass tube and evaporated under a controlled flow of 169
Nitrogen with a Visidry attachment coupled to a solid phase extraction manifold 170 (Supelco). The residue was dissolved in acetonitrile (2 ml) to give the HPLC sample. 171
HPLC-UV analysis of hop bitter acids 172
Hop acid separation was achieved with a binary mixture of (A) 1% v/v acetic acid and 173 (B) 0.1% v/v orthophosphoric acid in acetonitrile. The gradient elution was: 0-5 min: 174 30% A, 70% B; 15-24 min: 20% A, 80% B; 25 min: 10% A, 90% B; 30 min: 10% A, 175 90% B; 35 min: 0% A, 100% B; 44 min: 0% A, 100% B; 46 min: 30% A, 70% B; 55 176 min: 30% A, 70% B over a 55 min run time. Injection volume was 10 µl, flow rate was 177 0.5 ml/min and column temperature was 25°C. The peak area of iso--acids, 178
humulinones were extracted at 270 nm and at 310 nm for tetrahydro-iso--acids. Analysis, 2011). Beer (5 ml) was transferred into a 50 ml centrifuge tube and acidified 182 with 3N HCl (0.5 ml). Isooctane (10 ml) was added and the mixture was shaken by hand 183 three times before extraction on a rolled bed for 15 min. The mixture was subsequently 184 centrifuged at 400 x g twice for 5 min each time to aid phase separation. An aliquot of 185 the clear isooctane layer was transferred into a cuvette and absorbance was measured 186 with a spectrophotometer at 275 nm against a blank of orthophosphoric acid and 187 isooctane. The recorded absorbance was multiplied by an empirical factor of 50 to give 188 BU values in mg/L. 189 2.5 Analysis of phenolic/ polyphenol compounds in beer 190
Extraction of beer phenolic compounds 191
The phenolic compounds listed in section 2.2 were extracted from beer using liquid-liquid 192 extraction. Degassed beer (5 ml) was transferred into a 50 ml centrifuge tube before 193 acidification with orthophosphoric acid (250 µl). Ethyl acetate (10 ml) was then added 194 before extraction on a roller bed for 30 min. After extraction, the residual beer from the 195 bilayer mixture was discarded and RO water (5 ml) was added and further extracted on 196 the roller bed for 15 min. The water layer was removed and discarded while the extract 197 in ethyl acetate was transferred into a glass tube and dried down under controlled flow 198 of Nitrogen using a Visidry attachment coupled to a SPE manifold (Supelco). The residue 199 was reconstituted in a fixed volume of methanol (2 ml) prior to HPLC analysis. Beer total polyphenol content (TPC) was determined according to ASBC method (ASBC Method of Analysis, 1978) , involving the reaction of polyphenols with ferric ion in 210 an alkaline solution. Beer (10 ml) was mixed with a preparation of 211 carboxymethylcellulose (CMC, 1%) and ethylenediamine tetraacetic acid (EDTA, 0.2%) 212 (8 ml) in a 25 ml volumetric flask. Ferric acid (0.5 ml) was added, followed by ammonia 213 (0.5 ml) with mixing after each addition. The solution was then made up to mark with 214 RO water and left to stand at room temperature for 10 min before an absorption 215 measurement was taken at 600 nm. The recorded absorbance was multiplied by 820 to 216
give total polyphenol values in mg/L. 217
Synthesis of humulinones from humulones 218
Humulinones were synthesised from humulone resin prepared from CO 2 extract of hops 219 (86.3% -acids) using a modified version of a reported method (Taniguchi, Matsukura, 220
Ozaki, Nishimura, & Shindo, 2013) . Humulone (1.41 g) and cumene hydroperoxide (0.7 221 ml) were dissolved in diethyl ether (7 ml). A solution of saturated sodium bicarbonate 222 (NaHCO 3 , 6 g dissolved slowly in 40 ml RO water) was added to the solution and kept at 223 room temperature in a sealed vessel for 5 days, after which the sodium salt of 224 humulinones was generated. The salt was filtered and washed with water (150 ml x 2) 225 and diethyl ether (150 ml x 2) under vacuum in a Buchner flask and funnel. The crude 226 extract (1.45 g) was subsequently dissolved in methanol (100 ml) containing 1% v/v 227 phosphoric acid before the addition of a 0.5 N HCl solution (800 ml). The mixture was 228 partitioned with hexane (1 L x 2) before the hexane layer was evaporated to dryness 229 with a rotary evaporator to yield humulinones (0.95 g) of 99% purity (by HPLC). 230
Sensory evaluation of bitterness 231
Ethical approval for the sensory element of this investigation was obtained from the 232 University of Nottingham Medical Ethics Committee (J12022015) and all participants 233 gave written informed consent to participate in the study. 234
10
The qualitative aspects of bitterness were evaluated by experienced panellists from the 235 University of Nottingham trained beer panel (n=6) using descriptive analysis. First, 236
panellists were presented with a subset of 10 of the 34 beers to generate and define a 237 bitterness lexicon. These beers represented extreme variation in analytical variables and 238
were selected based on a PCA plot from the analytical concentration of their hop acid and 239 polyphenol contents. Panellists then attended a further 2 2h sessions during which they 240 tasted and described the bitterness of 10 ml samples of each beer and participated in 241 group discussions to agree a final list of clearly defined bitterness related terms. Beer 242 samples (10 ml) were then evaluated in 2 further sessions using a Check-All-That-Apply 243 (0.01 g) of the standards in a 500 ml volumetric flask containing a mixture of RO water 258 and methanol (~200 ml), before making up to mark with the same solvent mixture. 259
Serial dilution was made from the stock solution to achieve external standards of 10, 5, 260 2.5, 1 and 0.5 mg/L levels. Quantification was achieved from the standard calibration 261 curves. Statistical analysis including Cochran's Q test was used to determine which of 262 11 the attributes were significantly different between the beers. Correspondence analysis 263 was used to process the frequency data of bitterness attributes for each beers. Principal 264 component analysis (PCA) was used to aid the selection of beers samples for sensory 265 analysis based on analytical measurements of hop acid and polyphenol contents. All 266 statistical analyses were performed with the XLSTAT, v2015 package. 267
Results and discussion 268 3.1 Phenolic profiles of lager beers 269
The liquid-liquid extraction protocol using ethyl acetate and water enabled the effective 270 analysis of quantitatively significant phenolic compounds in beer. An example of the 271 chromatographic separation achieved with the described extraction protocol and HPLC 272 method for the Czech lager beer (L) is provided as complementary data. The HPLC 273 method described enabled the simultaneous separation and quantification of several 274 phenolics in beer. Where possible, the phenolic compounds were identified based both on 275 prior knowledge and by matching peaks against authentic standards run separately, and 276 with regard to both retention time and UV absorbance spectrum. Whilst not all peaks on 277 the trace could be identified, unknown peak areas were also integrated and included in 278 the analytical profiles of the beers labelled as unknown (U) 1,2….etc. The elution pattern 279 of phenolic acids in beer followed an order of decreasing polarity under RP-HPLC 280 conditions, thus phenolic acid derivatives of benzoic acid were eluted before the 281 hydroxycinnamic acid derivatives. The polarity of phenolic acids is increased mostly by 282 the hydroxyl group at the para-position, followed by the ortho-and meta-positions of the 283 benzene ring (Torres, Mau-Lastovicka, & Rezaaiyan, 1987) . The phenolic profile of each 284 of the 34 beers was analysed, however, without further reference to beer brands it 285 would not be informative to publish this data for each 'blind-coded' beer. To illustrate the 286 variability present in the data set, we summed the total contents of the quantified 287 phenolic compounds in each beer (Table 1) , which shows a substantial range of 288 concentrations (3.9 to 21.2 mg/L). Ferulic acid was the most abundant phenolic acid 289 present in the beers, with a concentration ranging from 0.98 mg/L in the Australian lager 290 (BB) to 7.61 mg/L in the American lager beer O (data not shown). p-coumaric acid is the 291 precursor compound to ferulic acid and is formed via the shikimic acid reaction pathway, 292 therefore the concentration of ferulic acid is usually greater than that of p-coumaric acid 293 in beer (Garcia et al., 2004) . The concentrations of p-coumaric acid across the beers 294 followed a similar pattern as observed for ferulic acid, with beers BB and O containing 295 13 0.37 mg/L and 3.07 mg/L respectively (data not shown). Beer O was also found to 296 contain the highest amount of phenolic compounds overall (Table 1; TPC and the sum of phenolic compounds quantified. This is most likely due to the highly 322 varied brewing techniques and ingredients employed in the industry. The observed 323 higher TPC concentrations (>250 mg/L) in beers T, AA and O indicates that these beers 324 were dry-hopped products. 325
Hop bitter acid profile of lager beers 326
For the bitterness profiles of these beers, the bitter tasting hop acids present in the lager 327 beers were evaluated using two separate analytical methods; firstly by HPLC as 328 described in section 2.4.2 and secondly by bitterness unit method (2.4.3). The latter 329 method has been suggested to yield inflated bitterness values due its susceptibility to 330 interference from other compounds present in beer that absorb light at the wavelength 331 of measurement (Schönberger, 2006; Tomlinson, Ormrod, & Sharpe, 1995) . In contrast, 332 HPLC measurements are agreed to provide a better assessment of beer bitterness 333 because they allow for the selective quantification of iso--acids, the major bittering 334 principles in beer (Ting, Kay, & Ryder, 2007) . A comparison of the hop bitter acid 335 concentrations in the beers by BU and HPLC methods is presented in Fig. 2 profiles. The highly dry-hopped beers (T, AA, Q) and high bitterness Czech lagers (E and 365 L) all had correspondingly high contents of phenolic compounds (see Table 1 and Figure  366 2). 367
Selection of exemplar beers for sensory assessment 368
In order to understand how the varying contents of hop acid isomers and phenolic 369 compounds impact on perceived sensory bitterness, a sub-set of 'exemplar beers' were 370 selected with the aid of a PCA plot of the analytical data. The PCA bi-plot shown in Fig. 3  371 accounted for about 65% of variation within the data set. A negative loading on PC 1 372 (47.6% of variation) was associated with the use of tetrahydro-iso--acids, whilst 373 positive loadings on this axis were related to high levels of iso--acids, -acids, 374 humulinones and phenolic compounds. A positive loading on PC2 identified beers with a 375 high trans/cis ratio and residual -acids -i.e. those which had used conventional 376 hopping practice as opposed to pre-isomerised or light stable products. Negative 377 16 loadings on this axis were driven largely by phenolic compounds (quadrant 4) or 378 tetrahydro-iso--acids (quadrant 3). 379
Beers in quadrant 1 were generally lower in hop acid and polyphenol content compared 380 to beers in quadrant 4 which were characterised by high levels of these compounds. The 381 beers in quadrant 2 were correlated with high trans/cis ratio and residual -acids which, 382 as noted, is indicative of conventional hopping techniques. Beers in quadrant 3 had lower 383 trans/cis ratios, (indicative of the use of pre-isomerised hops) as well as containing 384 tetrahydro-iso--acids. A total of 10 beers were selected from the 4 quadrants to 385 represent the diversity amongst the 34 beers: beers CC and V from quadrant 1, X and 386 GG from quadrant 2, S, N and BB from quadrant 3 and beers E, AA and T from quadrant 387 4. 388
Beer bitterness lexicon 389
A total of 13 bitterness descriptors were generated by the trained panel of beer tasters 390 following concept alignment. These attributes as well as their definitions are presented in 391 Table 2 , with some of the attributes e.g. instant, diminishing and progressive notably 392 related to the temporal character of bitterness. Cochran's Q test analysis of the CATA 393 frequency data showed that only 4 of the 13 bitterness attributes (acidic, tart, astringent 394 and artificial) did not significantly differentiate across the sample set (p> 0.05) ( Table  395 2). The temporal descriptors as well as descriptors such as harsh, rounded, metallic and 396 smooth were all rated significantly differently amongst the 10 beers (p< 0.05). 397 3.6 Perceived bitterness character and correlation to bitterness and polyphenolic profile 398
The correspondence analysis of the sensory data is presented in Fig. 4 . This revealed 399 that beer CC, selected from quadrant 1 of the PCA in figure 3, which had relatively low 400 hop bitter acid and polyphenol contents, was perceived as having an 'artificial', 'metallic' 401 and 'instant' bitterness. Beer V from the same quadrant (figure 3), but deduced to have 402 been dry-hopped from the presence of humulinones, had a 'rounded' and 'smooth' 403 bitterness character; temporally this beer was 'diminishing' in bitterness. and Food Chemistry, 61(12), [3121] [3122] [3123] [3124] [3125] [3126] [3127] [3128] [3129] [3130] Ting, Patrick L, Kay, Susan, & Ryder, David. (2007 
